OBJECTIVES: Bilateral vocal fold paralysis (VFP) is a severe complication after laryngotracheal (LT) surgery. The reduced glottic opening leads to significant respiratory distress immediately after the operation and requires the placement of a tracheostomy in most cases. Patients with a pre-existing unilateral VFP or expected recurrent nerve resection are at the highest risk for glottic failure. These patients might benefit from a pre-emptive glottic enlargement before LT surgery.
INTRODUCTION
An insufficient glottal width at the end of the operation is a serious condition in laryngotracheal (LT) surgery. Tumour patients with a pre-existing vocal fold paralysis (VFP) and planned resection margins close to the larynx are at a high risk for glottic failure. The opening of the vocal folds is quite often reduced further by mucosal oedema, which frequently occurs after extensive subglottic resections. To reestablish a secure airway, most LT surgeons advocate the insertion of a tracheostomy distal to the anastomosis. However, in cases of long-segment resections and in patients with a short neck, the placement of a distal tracheostomy is challenging. It furthermore adds a substantial defect to the anterior tracheal wall close to the suture line and thus increases the risk of anastomotic failure. As an alternative, patients can be kept intubated for a few days. After the cooling down period, a second extubation trial can be attempted.
The above-mentioned strategies are non-optimal and associated with significant risks and comorbidities. Therefore, a different approach was developed in our multidisciplinary airway centre. The risk for glottic failure is assessed preoperatively for all patients planned for LT surgery, and a pre-emptive unilateral glottic enlargement is performed at the side of the pre-existing vocal cord impairment in:
i. tumour patients, with an extensive tumour load and high suspicion of an infiltration of both recurrent nerves; ii. pre-existing unilateral VFP and high likelihood for resection/ injury of the contralateral recurrent nerve and iii. pre-existing bilateral VFP.
Various transoral endoscopic procedures to enlarge the glottic opening by carbon dioxide laser were proposed during the last †Presented at the 25th European Conference on General Thoracic Surgery, Innsbruck, Austria, 28-31 May 2017. ‡The first two authors contributed equally to this study. century including total or partial arytenoidectomy and posterior chordectomy [1] [2] [3] [4] [5] . In general, these endoscopic techniques provide good long-term outcomes with very low perioperative morbidity and mortality [6] [7] [8] . By restriction of the resection to the posterior portion of the vocal fold and preservation of the anterior part, the voice quality is considerably less affected [1, 9] .
In this retrospective analysis, we aim to review the results of our strategy of a pre-emptive glottic enlargement in high-risk patients and evaluate its impact on short-and long-term outcomes.
MATERIALS AND METHODS

Study population
From October 2011 to December 2016, 139 patients underwent LT surgery at the Division of Phoniatrics/Logopedics and the Division of Thoracic Surgery, Medical University of Vienna, Austria. Sixty-six patients received resections including the cricotracheal junction. The preoperative diagnostic workup consisted of a laryngeal endoscopy with detailed documentation of the glottic function, fibre-optic endoscopic examination of swallowing (FEES). Additionally, computed tomography scans and bronchoscopy were performed. Based on these examinations, each patient was discussed preoperatively by an interdisciplinary LT board, consisting of thoracic surgeons, phoniatricians and logopedists regarding the perioperative risk for glottic failure and functional impairment. Six patients received a pre-emptive glottic enlargement performed by a phoniatrician before LT resection. Clinical data were retrieved from patient charts and our institutional LT database [10, 11] . This retrospective analysis was approved by the institutional review board (EK 1234/2017) of the Medical University of Vienna, Austria, and was conducted in accordance with the Declaration of Helsinki.
Surgical procedures
Glottic enlargement. Glottic enlargement was performed by means of a posterior chordectomy with resection of the vocal process at the Division of Phoniatrics and Logopedics, Medical University of Vienna, Austria, by appropriately trained phoniatricians/ear-nose-throat (ENT) surgeons. In summary, the glottis was exposed by a Kleinsasser laryngoscope, and patients were ventilated by superimposed high-frequency jet ventilation (Carl Reiner GmbH, Vienna, Austria). Using a carbon dioxide laser, the posterior third of the vocal fold together with the vocal process of the arytenoid cartilage were dissected and separated from the inserting muscles. Anteriorly, the ligamentous part of the vocal fold was spared. This resulted in a triangular-shaped enlargement of the posterior glottis (Fig. 1A-C) . All patients received perioperative prednisolone treatment (intraoperatively 250 mg with postoperative prolongation depending on the extent of the vocal fold oedema) and antibiotic coverage for 1 week.
Laryngotracheal surgery. LT surgery was performed after the endoscopic glottic enlargement [median 1 day (range 0-100)]. After the induction of total intravenous anaesthesia, a laryngeal mask was placed. The LT airway was exposed and after the trachea was transected distally to the tumour, intermittent cross-table ventilation was started. In case of infiltrative tumour growth, the tumour was resected en bloc together with the invaded adjacent structures (strap muscles, recurrent laryngeal nerve, oesophageal wall, etc.). In most cases, the resection included the proximal trachea, the cricoid arch and parts of the thyroid cartilage (Table 1) . Oblique resection lines with sparing of the contralateral laryngeal framework were preferred to provide maximal stability. The distal trachea was tailored and anastomosed to the remaining larynx. A dorsal mucosal flap was used to cover the dorsal cricoid cartilage, if necessary. A single 5-0 polydioxanone running suture was used for the posterior wall and 4-0 polydioxanone interrupted sutures for the lateral and anterior parts of the anastomosis. Jet ventilation was used, if necessary. After completing the anastomosis, cross-table ventilation was switched back to the laryngeal mask. At the end of the procedure, bronchoscopy was performed with the patient breathing spontaneously to evaluate the glottic opening and the anastomosis. The laryngeal mask was removed at the end of the procedure if possible. All patients received perioperative antibiotic prophylaxis and were transferred to the intensive care unit for postoperative surveillance. The semi-quantitative RBH score was used to grade the subjective perceptive voice quality. Roughness (R), breathiness (B) and hoarseness (H) were rated from 0 (normal), 1 (slightly impaired), 2 (moderately impaired) or 3 (severely impaired). Swallowing was assessed by functional FEES. Amounts of aspiration (bolus passes glottis), penetration (bolus entering the airway but not passing beyond the vocal folds) and retention (pharyngeal residues) for each consistency (liquid, semiliquid and solid food) were documented.
RESULTS
Patient characteristics
A total of 6 patients (4 women and 2 men) who were at risk for posteroperative bilateral VCP received pre-emptive enoral glottic enlargement during the study period. Median age at surgery was 64 years (range 34-80 years). Indication for LT surgery was malignant disease in 5 patients [thyroid cancer (n = 4) and thymic cancer (n = 1)]. Three of these patients had an incomplete first resection, followed by radioactive iodine therapy for minimal remnant disease. They were referred to our institution, when recurrence with airway infiltration became evident during follow-up examinations. One patient had a complex benign LT stricture, which developed after an open tracheostomy elsewhere. He consequently had undergone multiple interventions (endotracheal and surgical), which all had failed and left him with a bilateral VFP.
During preoperative workup, unilateral and bilateral VFP was evident in 3 patients and 1 patient, respectively. One patient had normal vocal fold function preoperatively, but her right recurrent nerve was completely embedded by a tumour. Vocal fold function was unknown in 1 patient who was admitted already intubated to the emergency department. All patients received posterior chordectomy with resection of the vocal process as described above (Figs 1 and 2 ). The median time range between glottic enlargement and LT surgery was 1 day (range 0-100 days). All patients underwent extended cricotracheal resections [resection length 39 ± 7 mm (mean ± SD)]. If possible, the cricoid arch was preserved on 1 side and an oblique thyrotracheal anastomosis was performed (Fig. 3) . A detailed description of patient characteristics and surgical procedures is provided in Table 1 .
Functional and clinical outcomes
Removal of the laryngeal mask after surgery was possible in 5 of 6 patients. Patient 5, who had already been intubated before surgery, was kept intubated after the procedure, weaned from the respirator and extubated on the 1st postoperative day (POD). In Patient 6, a utility tracheostomy had to be placed at the end of the procedure. Although glottic area was sufficiently enlarged, the patient developed supraglottic oedema with significant inspiratory stridor. Thus, it was decided to insert a small tracheostomy (Patient 5) for safety reasons. The patient was fully mobilized on POD 1, and the tracheostomy was removed on POD 9 before discharge.
Postoperatively, unilateral VFP was evident in 5 of the 6 patients, whereas bilateral VFP was observed in 1 patient as anticipated. The median postoperative intensive care unit stay was 1 day (range [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] , and the median hospital stay was 17 days (range 4-42). Two patients experienced airway-related complications during the early postoperative period. After an uneventful initial postoperative course, Patient 4 developed an acute-onset respiratory stridor on POD 7. Endoscopic evaluation revealed significant laryngitis with bilateral glottic oedema. A small tracheostomy was performed, and the patient was decannulated 3 days later. During long-term follow-up, this patient repeatedly experienced recurrent episodes of laryngitis. Patient 5 developed significant atelectasis of the left lung on POD 2 and required a short-term fibre-optic intubation and bronchoscopic removal of a mucus plaque. All 6 patients were discharged without tracheostomy after a mean hospital stay of 17 days (range 4-42 days).
Postoperative swallowing examination by FEES was completely normal in 3 of the 6 patients. Two patients showed bolus penetration without aspiration. The remaining patient (Patient 5) was not able to swallow thin-liquid consistencies without aspiration, but swallowing was sufficient for thicker consistencies. Due to the impaired general condition and prolonged course of this patient, it was decided that a percutaneous endoscopic feeding tube be placed, and the patient was transferred to a hospital close to her home for reconditioning.
Postoperative perceptive voice quality examinations were available for 3 of the 6 patients. In general, all patients already Table 1 had impaired voice quality on admission due to the pre-existing VFP. After glottic enlargement and LT surgery, voice quality mildly declined in all patients (Table 2 and Fig. 4) . Nevertheless, subjective perception of voice quality was satisfactory for all patients. An exemplary voice recording before and 3 months after treatment is provided as Supplementary Material, Data S1. The median follow-up time in patients was 29 months (range 11-42 months). All except 1 patient are currently alive. Patient outcome measures are summarized in Table 2 .
DISCUSSION
To the best of our knowledge, this is the first report describing a strategy for preoperative glottic enlargement by laser surgery before LT surgery. This concept was developed to overcome the difficult situation of imminent glottic failure in patients with a pre-existing VFP and resection margins close to the vocal fold. By performing a partial arytenoidectomy and a posterior chordectomy of the paralyzed fold, the glottic diameter remains sufficiently open, even in the case of severe glottic oedema or injury of the contralateral recurrent nerve. The technique of endoscopic glottic enlargement is a routinely performed intervention for patients with bilateral VFP. The respiratory function usually monitored by airway resistance can be significantly reduced by this intervention [12] . An endoscopic arytenoidectomy was firstly described by Thornell [4] in 1948. In the 1980s, Ossoff et al. [3] published the first large case series of 11 patients utilizing a carbon dioxide laser. A less invasive technique, of only resecting the posterior fold was published shortly thereafter by Dennis and Kashima [2] . A partial removal of the vocal process of the arytenoid cartilage was proposed by Crumley, Remacle and Bigenzahn in the 1990s [9, [12] [13] [14] . The advantage of this technique is sufficient glottic opening with a considerably less impact on voice quality. Some authors cover the created defect with a mucosal flap to facilitate healing and reduce the formation of granulation tissue [15, 16] . For most of the abovementioned enlargement techniques, extremely low failure rates (need for tracheostomy) are reported in the literature [17, 18] . However, voice outcome measures (e.g. maximum phonation time, absolute jitter and shimmer) usually decrease after glottic enlargement techniques [6, 17] .
Because endoscopic glottic enlargement requires significant overextension of the neck to expose the posterior aspect of the vocal folds, it has to be performed in a pre-emptive way before larnygotracheal resection to avoid extensive traction on the anastomosis. Patients who require (glotto) subglottic resections are worked up in a structured way in our airway centre by a dedicated team of thoracic surgeons, phoniatricians and speech/language pathologists. Awake laryngostroboscopy and transnasal endoscopy are performed, and vocal fold movements are documented. Functional aspects are examined by FEES and voice recordings. The results are discussed by the team and patients at high risk of bilateral vocal cord paralysis are considered as candidates for the pre-emptive enlargement approach described herein. In our experience, tumour patients with a pre-existing unilateral VFP, who require extended subglottic resections, are candidates for this approach. Within the study period, only 6 of 66 (9%) patients receiving surgical procedures involving the LT junction were considered to benefit from a pre-emptive glottic enlargement. Despite a pre-emptive glottic enlargement, 2 of 6 patients required temporary tracheostomy. In Patient 6, we observed significant fibrin deposits on the mucosal defect generated by the enlargement, which was performed 9 days before LT surgery. These deposits limited the effect of the glottis enlargement. Thus, the timing between both procedures is critical. In our opinion, the enlargement should be done either pre-emptively several weeks before the procedure or within 3 days before surgery. Similarly, Patient 4 with an ongoing inflammatory process (recurrent laryngitis) was not an ideal candidate for this treatment approach. Although this pre-emptive strategy facilitated a patent airway at the end of the procedure in 5 of the 6 patients, its impact on voice and deglutition is an important issue. Enlarging the posterior third of the glottis usually leads to acceptable reduction in voice quality, given the airway patency and decannulation as highest priorities. This is in contrast with other techniques of glottis enlargements such as total chordectomy, which has a severe impact on voice quality. Although glottic closure is impaired by both unilateral VFP and glottic enlargement a normal postoperative swallowing function can be anticipated if the elevation of the larynx and the epiglottic tilting are preserved [19, 20] . In our series, most patients already had an impaired voice quality due to pre-existing vocal fold impairments. After the enlargement including a partial removal of the immobile vocal fold, the voice quality declined by one grade in at least one quality of the RHB score (Table 2) . Nevertheless, all patients subjectively described their voice quality as satisfactory and were not handicapped in their daily activities. In the majority of our patients swallowing function was completely preserved without signs of aspiration (5 of the 6 patients), and oral intake could be started immediately after surgery. Patient 5 required postoperative swallowing rehabilitation but regained full oral intake.
A potential negative impact of the glottic enlargement on the swallowing rehabilitation should be considered. The literature on concomitant LT surgery and glottic procedures is sparse. Kim et al. [21] reported their experience of 20 thyroid cancer patients undergoing LT procedures. Six of 20 patients received total laryngectomy, superseding functional outcome measures. Four patients received proximal tracheal resections with cricotracheal anastomosis. Two patients were treated with cricotracheal resections and thyrotracheal anastomosis. Both patients received intraoperative medialization of the vocal fold (arytenoid adduction or thyroplasty Type I, respectively). This resulted in a good voice quality monitored by the maximum phonation time in both patients. Detailed descriptions on the decannulation rates are not provided; however, 'tracheostomy was usually necessary in this situation'. Contrary to our treatment concept, Kim et al. reduced the glottic opening by medialization of 1 vocal fold to improve postoperative phonation, accepting the higher likelihood for concomitant tracheostomy. Considering the high percentage of patients presenting with VFP and underlying malignant disease necessitating adjuvant radiotherapy/chemotherapy, avoiding a tracheostomy might also decrease morbidity during adjuvant therapy [22] . In addition, preventing a tracheostomy by endoscopic treatment approaches results in a significant economic benefit and is superior in cost-effectiveness analysis [23] .
An alternative of the herein described technique could be a temporary lateralization of the paralyzed vocal cord. Using this technique, the glottis space is enlarged by fixation sutures positioned at the posterior third of the impaired focal cord. Initially, the procedure was conducted using a microlaryngoscope and an endoextralaryngeal needle carrier. The obtained enlargement was sufficient to avoid tracheostomy in most cases; however, aspiration was evident after the procedure [24] . The feasibility of this method in the setting of LT surgery needs to be clarified in the future.
Intraoperative recurrent nerve monitoring was not routinely performed at our institution. The most commonly used electrodes (i.e. in thyroid surgery) are attached to the surface of the endotracheal tubes. For obvious reasons, these electrodes are of limited value in procedures using cross-table ventilation. However, it was recently reported that direct insertion of needle electrodes in the endolaryngeal muscles through the operative field enabled the surgeon to successfully monitor the recurrent nerve function during cricotracheal resection [25] . This technique could have a strong impact on the management of such complex cases.
Limitations
There are several limitations to this study. This report is only a preliminary description of a small series of highly selected patients. Due to its retrospective nature, it is susceptible to multiple biases. Offering preoperative glottic enlargement in the absence of bilateral VFP has to be discussed on an individual basis together with the patient, opposing the potential benefits to disadvantages of such a procedure. Furthermore, matched controls are not available in this study. In future, combining the experience of multiple centres by a standardized database comprising enough patients might provide comparable cases and statistical power.
CONCLUSION
In conclusion, pre-emptive glottic enlargement before LT surgery should be restricted to cases with bilateral VFP and can be offered on an individual basis to selected patients with expected insufficient glottic opening. Permanent tracheostomy can be avoided and good functional outcomes can be achieved in these highly complex patients. Dr Schweiger: For example, in benign indications, we have had one patient with benign stenosis and bilateral vocal cord palsy that we tried to avoid this pre-emptive procedure in. We couldn't get away from the tube ventilator afterwards, so this patient received tracheostomy at the end of the procedure. For sure malignant indications are prevailing, because the patients that were operated before have more often vocal cord paralyses. If you have to perform a resection for benign disease at a very high level in the subglottic area and the patients have bilateral vocal cord palsy, you should definitely apply this pre-emptive approach.
APPENDIX. CONFERENCE DISCUSSION
Dr Bibas: Would you do in in a patient that has unilateral paralysis?
Dr Schweiger: If the patient has unilateral vocal cord palsy and sufficient glottic width, then you don't have to do it. It works perfectly well without doing it in most cases. That's why you need a good interdisciplinary team, because you need to check the glottic width in advance. If you have doubts, you can apply this technique.
Dr W. Weder (Zürich, Switzerland): This is exactly the point. Why do you do it pre-emptively when you expect vocal cord paralyses?
Dr Schweiger: These were two patients, where -with normal vocal function -we expected that recurrent nerve will not be preserved on top of a reduced glottic width.
Dr Weder: What is the rationale behind it?
Dr Schweiger: Applying the pre-emptive approach, you can extubate the patient easily and there is usually no problem with the airway. Of course, if you do not want to do perform the glottic enlargement in advance, you have to keep the patient on tracheostomy during the early post-operative course, because you cannot over-extend the neck for this procedure. If bilateral vocal cord palsy occurs, you have to keep the patient on tracheostomy during the first weeks after the procedure, then you can perform the glottic enlargement. Otherwise it is not possible.
